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PART 1. 



THE PITOT TUBE AND OTHER ANEMOMETERS FOR 

AEROPLANES- 

By W, H. Herschel. 



1. INTRODUCTION. 

The air pressures on the wings of an aeroplane, and^ therefore the 
sustaining power of the wings and the stresses to which the whole 
structure is subject, dejjend on the speed of the machine relative to 
the air through which it is moving. The measurement of this speed — 

Sarticularly near the lower limit where the sustaining power becomes 
eficient and there is danger of stalling, or at very high speeds where 
any movement of the controls may give rise to dangerously large 
stresses — ^is evidently a matter of importance, and the use of a relia- 
ble anemometer or speedometer is highly desirable. The aim of the 
following paper is to describe the principles of operation of some of 
the instruments which have been devised or used for this purpose 
and to discuss their characteristics, so far as it can be done from a 
general point of view or on the basis of available information, without 
undertaking new experimental investigations. 

Since the Pitot tube is the instrument which has been most com- 
monly used in the United States and Great Britain as a speedometer 
for aeroplanes, it will be treated fet and somewhat more fully than 
the others. 

2. GENERAL REMARKS ON THE PITOT TUBE. 

The speed-measuring device known, after its inventor,^ as the 
Pitot tube contains two essential elements. The first is the dynamic 
opening, or mouth of the impact tube, which ;points directly against 
the current of liquid or sas of which the speed is to be measured, and 
receives the impact oi the current. The second is the static opening 
for obtaining the so-called static pressure of the moving fluid, i. e., 
the pressure which would be radicated by a pressure gauge moving 
with the current and not subject to impact. To avoid the influence 
of impact, the static opening points at right angles to the dynamic 
openiQg. K the two openings are connected to the two sides of a 
differential pressure gauge, the gauge shows a head which depends on 



I Origin and Theory of the Pitot Tube, H. E. Guy Engineering News, June 5, 1913, p. 1172. 
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80 ^ AERONAUTICS. 

the speed and density of the ctirrent in which the tube is placed, and 
which may be used as a measure of the speed of the flmd past the 
Pitot tube. 

If the fluid is a liquid and the two openings are connected to a U 

gauge containing the same liquid, the gauge shows a head Ti and the 
usual formula for computing the speed S is 

S^0^l2gh (1) 

in which g is the acceleration of gravity and G is the "coefficient" or 

constant" of the given instrument. If the head Ti is read on a 
gauge containing a hquid of density d while the density of the fluid 
(either gas or Hquid) in which the Pitot tube is immersed is p, equation 
(1) takes the modified form: 

8=0^2gh (2) 

According to the elementary theory as usually given, O should be 
exactly 1, and in practice it is in fact in the neighborhood of iinity, 
when the instrument is properly designed and used with suitable 

precautions. 

As regards design, it may be said that numerous recent investi- 
gations have shown that almost any sort of dynamic opening is 
satisfactory, but that the static opening must be designed with great 
care in order that the coeJB&cient U may be set equal to unity without 
involving any sensible error in the result of using equation (2). 
Kowse,^ for example, has made an extensive comparison of various 
forms of Pitot tube, which coiifirins previous results obtainedby White,^ 
Taylor,^ Treat,* and others. With the most satisfactory tube tested, 
the experimental error in S.was foimd to be not over 0.2 per cent, 
whether the static pressure was taken from a piezometer ring,^ or 
from the static opening of the tube as supplied by the maker. The 
standard of comparison wa,^ a Thomas electric meter, which was 
assumed to give correct readings.^ 

It may therefore be concluded that by proper construction the 
Pitot tube can be made to have a coefficient so near unity that for 
all ordinary purposes the equation 

8^^2gh (3) 
may be regarded as sensibly accurate. 

3. ERRORS WHICH MAY OCCUR IN THE INTERPRETATION OF PITOT- 

TUBE READINGS. 

The simple theory which leads to equatioif (3) assume"^ that the 
tube is always pointed exactly against the current and that the ob- 
served head" h, is due to the instantaneous value of the speed S. 



1 W. C. Kowse, Trans. A, S. M. E., 1913, p. 633. 

2 W. M. White, Journal Association of En^^iaeerin^ Societies, August, 1901. 

3 D. W, Tavlor, Society of Naval Architects and Marine Engineers, November, 1905. 
* Chas. H. Treat, Trans. A. S. M. E., 1912, p. 1019. 

B The piezometer was simply an air-tight aimular space about the pipe, comiected with the interior of 
the pipe by six small holes. 

8 For accuracy of Thomas meter see C. C. Thomas, Journal Franklin Institute, vol. 172, p. 411, and Pro- 
ceedings Am. Gas Inst., vol. 7, 1912, p. 339. For more recent experimental veriacations of equation (2) 
without use of the Thomas meter, see F. H. Bramwell, Report of British Committee on Aeronautics, 1912- 
1913, p. 35^ and Wm, damp, Manchester Memoirs, voL 58, part 2, sec. 7. 
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These assumptions are nerer exactly fulfilled in ordinary practice 
and accordingly exact results may not be obtained, even \iraen no 
fault is to be found with the instrument itself. 

In the first place, it is impossible to read the gauge instantaneously; 
furthermore, there is always a time lag between the openings and 
the gauge. Accordingly, even when the current does not change in 
direction, if its speed varies rapidly all that can be observed is the 
mean value of Ji over a certain time interval, and this value does not 
correspond to the arithmetical mean value of S over the same inter- 
val, even if the interval is long compared with the time lag, as has 
been shown experimentally by Rateau.^ 

Disregarding the time lag, the value of 8 computed by equation (3) 
will be the root-mean-square speed, which is always larger than the 
arithmetical mean speed. Hence if, for example, the f itot tube is 
being used to determine the discharge throx^h a steam main feeding 
a reciprocating engine, the computed discharge will be greater than 
the true discharge. This error is not likely to be very large. If, for 
*nstance, the speed varies sinusoidally with time from 0.5 to 1.5 times 
its arithmetical mean value, the linear speed computed by^ equation 
(3) will be 1.0607 times the arithmetical mean speed which deter- 
mines the total flow, or a trifle over 6 per cent, too large. 

A second cause of error is rapid variability in direction of the cur- 
rent, which makes it impossible to keep^ the tube pointed correctly 
even when mounted on a vane. If, as is usually the case, it is de- 
sired to measure merely the component velocity in a fixed direction, 
the eddies which almost always exist may introduce a considerable 
error when this component velocity is computed by equation (3). 
If the variations of direction are small, the error is due almost en- 
tirely to the effect on the static opening and not to chaii^e of the 
direction of impact on the dynamic opening.^ 

This source of error is much reduced in the Dines tube, a form of 
Pitot tube in which the static opening consists of a number of round 
holes or longitudinal slits in a nollow cylinder placed with its axis 
perpendicular to the direction of the impact tube and to the plane 
m which the variations of direction are expected to occur. When 
this instrument is employed as an anemometer, its principal use, the 
cylinder is of course vertical. 

The heads given by the Dines tube are sensibly mdependent of 
errors in direction up to about 20° on each side of the mean. To 
offset this advantage, the instrument is somewhat less sensitive 
than the ordinary Pitot tube, the coefl&cient 0 being greater than 1. 
Furthermore, each tube must be calibrated separately, and it is not 
even certain that the coefficient is strictly constant for each tube. 
Data by Dines ^ show a constant coefficient C=1.53. Jones and 
Booth* find values from 1.20 to 1.70 for different tubes. Zahm^ 
finds values from 1.42 to 1.50, dependiag on the speed. 

It has sometimes been doubtecl whether the coefficient (7 of a given 
Pitot tube was dependent solely on the relative speed of the fluid 
and the tube, the suggestion being that a tube standardized by mov- 

1 Annales des Mines, 1S9S, p. 341. 

* L. F. Moody, Proceedings Engineers* Society of Western Pennsylvania, May, 1914. 
8 Quarterly Journal, Royal Meteorological Society, voL 18, 1892. 

* Aeronautical Journal, July, 1913, p. 196. 
B Physical Review, 1903, p. ^0. 

25302**~-S. Doc. 268, 64-1 6 
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ing througli a quiescent medium, as with a whirling arm in air, may 
not give correct results when used to determine the velocity of a 
fluid past a fixed poiat. It is difficult to see how the Pitot tube can 
respond to anythmg but velocity relative to itself. At aU events, 
e:q>ermients by and Tyndall ^ have shown that while there was 
some apparent disagreement at speeds below 11 miles per hour 
(17»7 kilometers) where the experimental errors were large, for 
higher speeds, up to 36 miles per hour (58 Idlometers) both methods 
of standardization gave the same result. 

Which method of standardization should be adopted — amotion of 
the tube or motion of the fluid — ^may, nevertheless, depend on the 
purpose for which the instrument is intended. It is impossible in 
practice to set up an artificial current of fluid which shall have a high 
speed and not be turbulent and fuU of eddies; and the only conditions 
to which equations (1) and (2) refer are, in strictness, those of steady 
stream-line flow or steady motion of the tube in a quiescent fluid. It 



JS^l9€3^ Anemometer. 

the tube is to be used in a very turbulent medium, as, for example, in 
measuring the discharge from a fan, it should be standardized in a 
stream of fluid in whi3i the turbulence is about the same as it wiU 
be under the working conditions. It might very well happen that a 
given tube when tested on the whirling arm or by moving through 
still water gave a coeflScient (7= 1, while if the tube were tested in a 
turbulent current some other value of G was obtained. If the tube 
were to be used to measure the average speed of a similarly turbulent 
current, this second coefficient should oe used and not the value <7= 1. 

Apparent errors and inconsistencies in the results obtained by 
equations (1) and (2) have probably been due in part to 'disregarding 
the foregoing obvious considerations. 

4. WORKING FORMULAS FOR PERFECT PITOT TUBES. 

It win be convenient to collect here, for reference, certain practical 
working forms of equation (3) for the perfect or ideal Pitot tube, that 
is, for a tube haviag the coefficient G equal to unity. If the tube does 
not satisfy this condition, whether on account of its design or from 



> J. D. Fry and A. M. TyndaU, PhiiosopMcal Magazine (6), vol. 21, p. 348 19U. 
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the necessary circumstances of practical use, the value of C must be 
determined by experiment, and the values of B given by the following 
equations are then to be multipKed by the observed values of (7. 

We start by insertiag the value sr= 32.17 ft./sec.^ or 9.81 m./sec.^ in 
the general equation (3), viz: 

8-^2gTi^ (3) 

in which S^ihe speed of the current, 

S<=the head on the differential gauge, 
cZ = the density of the Uquid in the gauge, 
p = the density of the current. 
From this we obtain special equations for practical use. 

(A) Any two fluids, — d and p may have any values but are to be 
measured in the same units. The value of 8 is given by the equation 



S 



(4) 



with the values of X shown in Table 1 for various methods of express- 
ing 8 and A. 

Table 1. — Values of Xfor equation (4). 



A measured in— 



8 measured 



laches of liquid of density df. 



Mm. of liquid of density d. 



Ft./sec... 

Mile/hour - 

[M./sec 

M./min . . . 
[Kra./hour. 



2. 316 
138.9 
1.579 

• 1411 
8.404 
.5043 



(B) Any momngflwidj gauge liquid water. — ^The value of iS is given 
by the equation 

fif=r^ (6) 

with tile values of Y ahown in Table 2. 

Table 2. — ValtLes of Yfor equation (5). 



h measured in — 


p measured in— 


jS^ measured in— 


r. 


Indies of waterat68° F.=20** 0 
Mm. of water at 68° F.=20° C. 


Lbs./ft.3 

E^./m.8 


fFt./sec 

]Ft./min 

[Mile/hour 


18. 28 
1097 
12. 46 

4.426 
265.5 
15.93 
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When the Pitot tube is to be used in air, the air density p for 
use in equations (4) and (5) may be found as follows: 
Let 5 = the barometric pressure. 
Let t=the temperature of the air. 

Let P=tbe pressure of saturated steam at t^, from the steam 
tables. 

Let 3= the relative humidity. 

Then in English, units, if B and P are in inches of mercury and t 
in degrees F., 

,^1.327^^§Z^ibs./ft3 (6) 

or in metric xmits, if B and P are in millimeters of mercury and t 
in degrees C, 

P=0.464 ^'^fs+f^ kgm./m.» (6a) 

All the numerical data given in this section are accurate enough 
to permit of computing the speed to within 0.1 per cent. Actual 
values computed from equation (6) may be found from Table 7, 

section 13. The calculations required by equation (6) may*^ be 
avoided by the use of diagrams given by Eowso^ and Taylor BQnz^ 

fives a diagram showing the gas constant of moist air, which may 
e used in place of equation (8a). 

5. ERRORS OF THE PITOT TUBE AT VERY fflGH SPEEDS. 

The theory of the action of the Pitot tube, as given in Part 2 of 
this paper, shows that the eg^uations given in the preceding sec- 
tions must be expected to require a correction if the observed pressure 
difference is enough to compress the fluid sensibly. This will never 

occur when liquids are in question, though when the instrument is 
used for measuring the speed of a gas the correction required to 
allow for compressibihty mighfc become sensible at high speeds. But 
for the highest speeds attained by aeroplanes, say 130 miles per hour, 
the correction computed from the theory is less than 0.5^per cent., 
an amount which is altogether negligible in comparison either with 
the errors of observation or with the uncertainties of the theory 
itself, which is far from convincingly rigorous. 

6. GENERAL REMARKS ON RESISTANCE ANEMOMETERS. 

When a fixed obstruction is placed in a current of fluid, it experi- 
ences a force in the direction of flow which depends upon and may be 
used as a measure of the speed of the current. The force depends on 
the relative motion and is the same, at the same relative speed, when 
the fluid is at rest and the body moves through it, the force then 
appearing as a resistance to the motion. It is the resultant of forces 
exerted on the elements of the surface of the body (a) normally by 
the pressure, which varies from point to point; and (b) tangentiaUy 



1 Loc. cit., p. 690. 

2 Loc. cit., p. 31, and plates 33 and 34. 

3 Adolf Hinz, Tiiermodynamiseiie Orundlagen der Kolben und Turbokompressoren, p. 42. 
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by skin friction of the fluid moving along the surface. Since we are 
now interested only in devices which may be used as anemometers, 
we may as well, for the future, say "air" instead of fluid, and "wiad" 
instead of current. 

As regards the i)ressure, there is always, on the wiadward or 
upstream side, a region of increased pressure, i. e., of excess above the 
general static pressure of the air; while on the leeward or downstream 
side there is a deficiency. In the Pitot tube, the obstruction consists 
of the impact tube witn its open mouth at the upstream end. This 
receives the excess pressure and transmits it to the gauge. The 
instrument deals solely with the excess pressure on the upstream 
side, of an obstruction of pjarticularly simple form, the drag due to 
skin friction and the suction on the downstream side having no 
effect on the reading of what we have called a perfect Pitot tube. 

The next simplest case is that of a thia flat plate of regular outline 
set normal to the wind. The skin friction forces balance one another 
and the whole normal force on the plate is the surface integral of the 
excess of pressure on the front, over that on the back. If the plate 
is mounted so that the force of the wind on it can be measured, it 
constitutes a ^^pressure-plate anemometer.'^ 

Various devices which are in practical use may be regarded as 
intermediate between the Pitot tube and the pressure plate anemome- 
ter. Among these are the Dines tube (seep. 82), the ^^Stauscheibe/' 
and the Pneumometer. The Stauscheibe is a metal disk about 1 
cm. in diameter with holes in the centers of its two faces from which 
the pressures are led to the two arms of the U gauge, through the disk 
and through the support by which the disk is held prependicular to 
the current. The Pneumometer differs from^ the Stauscheibe only 
in details of construction. For both these instruments the coeffi- 
cient of equation (1) has the value 0.854, the observed pressure 
difference being influenced by the suction at the downstream face as 
well as by the unpact pressure on the upstream f ace.^ 

In the case of pressure plate anemometers, it is usually the total 
force acting on the obstruction in. the wind that is measured, rather 
than a manometric pressure, although Stanton ^ used a diaphragm 
and air pressure to transmit the force acting on a plate to a manometer 
50 feet away. 

If the solid obstruction is anything else than a thin flat plate normal 
to the wind, skin friction as well as pressure contributes to the result- 
ant force; and if the body is not symmetrical about an axis parallel to 
the wind, the resultant force will not in general be parallel to the 
wmd, but the body wiU receive a side thrust in addition to the resist- 
ance in the direction of the wind, as, for example, when the wing of an 
aeroplane has both lift and drift. Any body mounted so that the 
force on it can be measured, provides a means of measwing the speed 
of the wind and may be used as an anemometer; but if the body is 
to be held in a fixed orientation with respect to the wind, it is evi- 
dently simplest, mechanically, to avoid side thrust by making the 
body symmetrical about the wind direction, preferably a figure of 
revolution about that axis. The resistance offered to the wind by a 
synmaetrical body of given maximxun section normal to the wmd 

1 Rowse, loc. cit. , p. G77 and 684. A . Gramberg, Technische Messungen, tliird edition, 1914, p. 99. Cramp, 
loc. cit., p. 14. 

« T. E. Stanton, Collected Researches, National Physical laboratory. Vol, V, 1909, p. 169. 
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depends greatly on its shape, being less for a sphere than for a flat 
plate normal to the wind, and stul less for a somewhat elongated 
spindle-shaped body. 
Whatever the shape of the body may be, miless it is a sphere its 

resistance to a given wind depends on its presentation, and by a 
suitable choice of sh&pe this variation of the force with the orienta- 
tion may be made quite large. The operation of the Robinson, or 
cup anemometer, depends on the fact that the resistance of a hemi- 
spherical cup is greatest when the concave side is pointed to wind- 
ward, so that a wind blowiJig in the plane of rotation of the cugs 
always produces a torque, hi the so-called ''bridled" form of this 
anemometer, the torque is measured statically and the instrument is 
then merely a rather comphcated form of pressme-plate anemometer. 
In the ordinary form of the instrument, in which the cups are allowed 
to revolve freely, the speed of the wind is measured indirectly by 
observing the speed of rotation, the action of the wind on the cups 
being then still more qomplicated. 

From the fact that the pressure recorded by the Pitot tube is 
proportional to the square of the speed, it might be surmised that 
the total force observed with a pressure-plate or other static resistance 
anemometer would probably also be nearly proportional to the square 
of the speed; and this is confirmed by experiment. The analogy 
between these anemometers and the Pitot tube is a very close one, 
the Pitot tube being in principle only a particidarly simple kind of 
resistance anemometer. 

We have next to speak somewhat more in detail of some special 
types of resistance anemometer. 

7. THE WIND RESISTANCE OF FLAT PLATES. 

The resistance of a flat plate normal to a wind of velocity 8 is 
nearly proportional to and this relation is sometimes represented 
by writmg 

P = KS^ (7) 

in which P is the force per tmit area of the plate. The coefficient .S' 
is approximately proportional to the density of the air, but it varies 
with the size and shape of the plate. The independence of Pitot tube 
readiags of the size and nature of the dynanaic opemng would lead 
us to expect that the pressure at the center of the front of the plate 
would be iadependent of the size and shape of the plate, and Stanton's^ 
experiments confirm this expectation. But the suction on the back 
depends on size as well as speed, thus accounting for the variability 
of Ksbnd showing that P is only a fictitious pressure with no physical 
significance. 

We shall confine our attention to square and round plates, for 
which the laws of the distribution of pressure are more simple than 
for very oblong rectangles.^ When giving numerical values in 
"EngUsh units" pressure will be in pounds per square foot and speeds 



a G. Finzlaud N. Soldati, Engineering, Mar. 31, 1905, p. 397. 
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in miles per hour, while in ^'Metric units'' pressure will be in kilo- 
grams per square meter and speeds in meters per second. 

A. Square plates. — According to Eiffel ^ the value of the coeflB.cient 
K of equation (7) in English units varies from 0.00266 for plates 4 
inches square to 0.00326 for plates 40 inches square or larger. 
The teiaperature and pressure of the air during the tests are not 
given. The corresponding metric values are 0.065 and 0.08. Bair- 
stow and Booth ^ after analyzing the available data give the equation 

i^=0.00126 iS Z)2 + 0.0000007 {S lY 

in which F is the total force in j^ounds, S is the speed in feet per 
second, and I is the length of side in feet. The equation refers to air 
at 760 mm. and 15° C. or 69° F. ^ If iS is measured in miles per hour 
the equation becomes 

F-0.00271(/SZ)2-f 0.0000022 {SlY 

and if put into the form (7), for the sake of comparison with Eiffel's 
results, it may be written 

P-0.00271(l +0.0008 8D8^ 

the coefficient K depending on both S and Z. 

B. Oirmlar disks. — ^For a circular disk 30 centimeters, or 11.8 
inches, in diameter, Eiffel gives the value Z= 0,00276 English, or 
0.0675 metric. Stanton ^ found the values 0.0027 English (0.066 
metric) by using a 2-inch disk. On the whole, Eiffel's results seem 
preferable, because the size of disk used by him is more nearly the 
desirable size for an anemometer. 

As regards the relative importance of the front and back of the 
plate, it may be noted that in a wind of 10 raeters per second or 22.4 
miles per hour, Eiffel found that the front of his 12-inch disk accoimted 
for 72 per cent of the whole resistance. Zahm * has pointed out that 
if a plate be surrounded by a sufficiently broad guard ring there will 
be no suction on the back, while the pressure on the front will be 
uniform and the same as indicated by a Fitot tube at the same speed. 

Table 3 shows the force on a 12-inch disk for different wind veloci- 
ties, the total resultant force being calculated from Eiflfers value of 
Z« 0.00276 English (0.0675 metric), and from Bairstow and Booth's 
formula for square plates, assuming, as some but not all experinieuters 
have found, that the average pressure would be the same for a circular 
plate with a diameter equal to Z, as for a square of side Z. 

1 G. Eiffel, The Resistance of the Air, p. 35. 

3 Report. British Advisory Committee for Aeronautics, 1910-11, p. 21. 

8 T, JE. Stanton, Proceedings Inst. C. E., Vol. CLVI, 1903-4, part 2, p. 73. 

4 A. F. Zahm, Journal S^cankUn Institate, voL 173, Jaauary-4ime, 1912, p. m 
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Table 3. — Wind forces in pounds on a 12-mdi dish 



Wind speed S 
miles per hour. 


Force in pounds 
according to 
Eiffel. 


Force in pounds 
according to 
Bairstow and 
Booth. 


30 


1. 94 


1.97 


40 


3. 47 


3.50 


50 


5.40 


5. 53 


60 


7.80 


8.00 


70 


10.60 


11. 01 


80 


13. 88 


14.48 


90 


17.55 


18. 48 



Table 3 a. — Wind forces in Mlograms on a SO<entiineter disk. 



Wind speed S 
kilometers per 
hour. 


Force in kilo- 
grams according 
to Eiffel. 


Force in kilo- 
grams according 
to Bairstow 
and Booth. 


48.3 


0.86 


0.87 


64.4 


1. 53 


1.55 


80.4 


2. 38 


2.44 


96.5 


3.44 


3. 53 


112.8 


4. 68 


4.87 


128.8 


6. 13 


6.39 


145.0 


7.75 


8. 15 



8* RESISTANCE OP SPHEBES AND HEMISPHERES. 

Next to thin plates and hemispherical cups the sphere has been 
most frequently employed in static resistance anemometers as the 
obstruction opposea to the wind. In addition to the fact that a 
sphere is symmetrical about all diameters, so that the indications 
of a sphere anemometer may be made independent of changes in 
wind directionj the sphere has the further advantage of simplicity 
of form so that it may readily be duphcated. A disadvantage of the 
sphere, as compared with thm plates, is the lower value of the coeffi- 
cient Eof equation (7). 

According to W. H. Dines, as quoted by Lanchester/ K has a 
value of 0.00154 English for a sphere 6 inches in diameter, or 0.0378 
metric for one 153 millimeters in diameter. Dines *s tests were 
made with a velocity of 21 miles an hour (34 kilometers). EifiPeP 
gives jff as 0.00045 (0.011 metric) and explains the difference between 
his value and that of 0.00112 (0.0275 metric) found at Gottingen, 
as follows: K decreases with an increase of velocity until a certain 
critical velocity is reached, after which K remains nearly constant 
at 0.00046 for the three spheres experimented upon. This critical 
velocity was found to be about 27 miles an hour for a 6-inch sphere, 
16 miles for a 10-inch sphere, and 9 miles for a 13-inch sphere (12, 



1 F. W. Lanchester, Aerodynamics, p. 25. 
2 La Tedmique Aeronautique, 1913, p. 146. 
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7, and 4 meters per second, respectively, for the 16, 24, and 33 centi- 
meter spheres). The high value of the Gottmgen coefficient is, 
according to Eiffel, due to the fact that velocities of over 23 miles 
an hour (36 kilometers) can not be obtained at that laboratory. 
It wiU be noted that even for a 6-iach sphere the eritical velocity is 
well below the lowest flyingspeeds used in practice. 

Table 4 shows values of K for henuspherical cups, according to 
Dines. 

Table 4. — Values of K in equation .(7) for hemisplierical cups. 





English. 


ifetric. 


English. 


Metric. 


English. 


Metric. 


Diameter of cup. 




64rQin.. 


5ln. 


127mia. 


9in. 


229mm. 




0. 00597 
. 00239 


0.146 
.059 


0.00386 
.00168 


0.095 
.041 


0,00402 
.00138 


0.099 
.034 



Since Dines used only the one speed of 21 miles an hour, there 
is a doubt whether his values would hold for higher speeds. It ap- 
pears that with a cup there would be little if any reduction in diame- 
ter as compared with a plate giving an equal force, though the cup 
would have the advantage of greater strength for a given force and 
weight. The difference in the force acting on the cup in its two 
positions, which is the driving force of the Robinson anemometer, 
IS clearly indicated by the table. 

9, PRACTICAL FORMS OF RESISTANCE ANEMOMETER. 

Maxim ^ used a pressure plate anemometer consisting of a disk 
with a spring resistance. His arrangement had the advantage of 
fairly umform graduations of the scale, the spring acting indirectly, 
with variable leverage on the pressure plate. 

In the pressure-plate anemometer of Dines ^ the variable resistance 
is furnished by a float partly immersed in water, the pressure on the 
piate being equal to the weight of a volume of water equal to that 
of the part of the float raised above the water level. 

The 1914 catalogue of Aera, Paris^ shows a^ pressure plate 
anemometer which is merely a speed indicator. It is supplied with 
three disks, so that it may oe set for any speed between 50 and 75 
miles an hour (80 and 120 kilometers). The pointer will then show 
whether the actual speed is above or below the normal. Aera also 
make an anemometer using a sphere, in the form of a pendulum. 
This instrument reads only to 45 miles an hour (72 kilometers) and 
has graduations coming closer together at higher speeds. ^ It would 
be very inaccurate without some means for holdiag it vertical. 

The Davis Lyall air speed indicator, made by John Davis & Son, 
of Derby, England, is a bridled anemometer of the screw tj^pe which 
should be held with its back to the wiad, though the manufacturers 

1 H. Maxim, Natural and Artificial Flight, p. 70. 

2 Quarterly Journal, Royal Meteorological Society, vol. 18, 1862, p. 167. ■ 
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do not provide it with an air vane to do this automatically. This 
defect is remedied in the Aera bridled anemometer. Concerning the 
Davis Lyall mstrument, it is stated: 

To avoid undue oscillation of the pointer a damper is provided — either magnetic 
or air. Such a damper is rendered necessary in measuring velocities in a natural 
wind which varies within wide Hmits. 

When it is desired to investigate the gusty character of natural 
winds, the seositiveness of a brimed anemometer becomes an advan- 
tage. Concerning a bridled anemometer consisting of five hemi- 
spherical cups attached to a vertical spindle by short arms, Stanton^ 
says that this instrument is more sensitive to momentary gusts than 
any of the other recording instrmnents in common use. 

10. THE ANEMO-TACHOMETER. 

When anemometers of the screw type are used for high velocities, 
there is danger that the vanes will be deformed and the velocity 
indications become unrsMable, and for this reason cup anemometeis 
are more suitable for out-door work, Wilhelm Morell, of Leipzig, 
has placed on the market an anemo-tachometer illustrated in the 
Deutsche LuftfaJbrer.^ This is a Robinson anemometer with tachom- 
eter attached for aeronautical purposes, the tachometer being an 
instrument, usually actuated by centrifugal force like a steam en- 
gine flyball governor, so that velocities may be read at a glance 
from the position of a pointer. It will be noted that with a tachom- 
eter, in contrast to a revolution counter, no measurement of a time 
interval is required. The anemo-tachometer also has the advantage 
of all Robinson anemometers that the wind vane may be dispensed 
with. 

According to a communication from Morell, his anemometers are 
calibrated m a wind tunnel, built in accordance with designs of 
Prof. Prandtl of the University of Gottingen, in which air currents 
up to 78 miles per hour (126 kilometers), can be obtained. It is 

stated that some of these instruments have been in constant use for 
two years without needing recalibration. 

The anemo-tachometer, as well as other anemometers, should be 
attached to the aeroplane in such a maimer that its indications are 
not iMuenced by the irregular and indeterminate wash of the 
machine and propeller. It has been proposed to lengthen the dis- 
tance between tihie cups and the casing, so as to bring the cups above 
the upper supportiiig plane, while keeping the dial on a level with 
the pflot's Itue of vision. The objection to this lengthening is that 
it might change the friction and hence the indications of the instru- 
ment, and necessitate a special calibration. 

What appears at first sight to be a solution of the difficulty, would 
be to provide the anemometer axis with a small electric generator, 
and use the electric voltage, thus generated to indicate speed of 
rotation by means of a voltmeter. We should anticipate, however, 
that electric indicating instruments, as at present constructed, 
would not long retain their accuracy when exposed to the vibrations 
on an aeroplane. 

1 Collected Researches, Natiaasd Physical LabOTatory, Vol. V, p. 174. 
a Apr. 2, 1913, p. 168. 
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11. THE BOUKDON-VENTURI ANEMOMETER. 

The Venturi tube consists of a short converging inlet followed by 
a long diverging cone, the entrgtnce and exit diameters being usually 
equal so that the tube may be inserted as a section of a pipe line- 
There is generally a short cylindrical throat. The convergijig part 
has somewhat the shape of a vena contracta, but its exact form is of 
little importance. The exit cone has a total angle of about 5°, this 
being found to give the minimum frictional loss for a given increase 
of diameter. 




When a current of fluid passes through the tube, the pressure in 
the throat is less than at entrance to the converging inlet, by an 
amoxmt which depends on the ratio of entrance to tlSoat area, the 
density of the fluid, and the speed of flow. If the tube is provided 
with side holes and connections to a differential gauge by wnich this 
pressure difference may be observed, it constitutes a Venturi meter. 
The area ratio is a known constant for a given tube, so that when the 
density of the fluid is known the observed pressure difference may be 
used as a measure of the speed of flow. When the pressure difference 
is expressed as the height of a water column, it is known technically 
as the ^'head on Venturi." 

Such an instrument may be used as an anemometer by pointing 
it so that the wind blows directly through it, and the observed head 
may then serve as a measure of the wind speed. Bourdon ^ employed 
the Venturi tube for this purpose in 1881, and it has been used recently 
as an aeroplane anemometer. 

At a given speed, the observed head increases with the ratio a of 
entrance to throat area and the instrument may be made to give a 
much larger head than a Pitot tube. This is illustrated hj the &ures 
given in Table 5 for a tube in which a = 4, the throat having han the 
diameter of the entrance. The data are for air at atmospheric pres- 
sure and TO*' F. Coluum (2) gives the head which would be observed 
with a Pitot tube; column (3) that observed by Bourdon; and column 
(4) the ratio of (3) to (2). 



1 Aimales des Mines, September and October, 18S1; Comptes Rendus, 1S82, p. 229. 
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Table 5. — Comparison ofPitot and Venturi heads for a=«4. 



(1) 

Wind speed. 


0!) 

Pitot-tabehead. 


<8) 

Head on Venturi ac- 
cording to Bourdon. 


(4) 

Col. 3. 
Col. 2. 


(6) • 

Theoretical head on 
Venturi. 


Maes 


Meters 


Ins, 


Mm. 


Ins, 


Mm. 




Ins. 


Mm, 


hour. 


see» 
















10 


4.47 


0,05 


1.3 


0. 17 


4 


3.4 


0.7 


18 


20 


8.94 


.19 


4.8 


.80 


20 


4.2 


2.9 


74 


30 


13.41 


.43 


10.9 


2.30 


58 


5.3 


6.8 


173 


40 


17. 88 


.77 


19.6 


4.0* 


102* 


5.2 


12.3 


312 


60 


22.35 


1. 20 


30.5 


6. 6* 


168* 


5.5 


20.0 


508 


60 


26. 82 


1. 73 


43.9 


10. 0* 


254* 


5.8 


30.0 


762 


70 


31. 29 


2. 35 


59.7 


15. 0* 


381* 


6.4 


45.0 


1,143 


80 


35.76 


3. 07 


78.0 


20. 0* 


508* 


6.5 


63.0 


1,600 


90 


40.23 


3.89 


98.8 


25.0* 


635* 


6.4 


90.0 


2,286 



In figure 1 the line H G represents Bourdon's observations and the 
starred values in column (3) of Table 5 were read from the dotted 
extension of this curve. While this extrapolation can make no claim 
to accuracy, it appears from column (4) of Table 5 that a Venturi 
tube with a 2 to 1 diameter ratio would probably give at least five 
times as much head as a Pitot tube at ordinary aeroplane speeds. 

The curve F Eoi figure 1 and the numbers in column (5) of Table 
5 were found from equation (27) of Part 2, which is known exper- 
imentally to agree closely with the facts when the Venturi meter 
is inserted in a pipe line instead of being used as an anemometer with 
both ends free. Upon introducing the known values of Tc and p for 
air at one atmosphere and 70"^ F., equation (27) reduces to 



VIO 2 
IlSlllLll niiles per hour. 

If the 1720 is replaced by 769, the result will be in meters per second. 

What part of the great discrepancy between columns (3) and (5) 
of Table 6, or between E F and G H oi figure 1, is to be ascribed to 
friction or other circumstances which make the Venturi tube act dif- 
ferently as an anemometer and as a flow meter, and what part to 
Bourdon's experimental arrangements and possible errors of observa- 
tion, can not be decided without further investigation; but in anj 
event, it is obvious that with the Venturi tube a much larger head is 
available than with a Pitot tube. 

Since Bourdon wanted an anemometer for very low speeds, he 
increased the available head still farther by using two concentric 
tubes, the exit end of the inner one being at the throat of the outer, 
so that the suction there increased the speed through the inner tube 
and the fall of pressure at its throat. The proportions of the tubes 
which were adopted as giving the best results were as shown in 
Table 6. 
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Table 6. — Proportions of Bourdon's double Venturi tube anemometer. 



Ratio of minimum to maximum diameter: 

(a) Of converging cone 0.31 0.56 

(6) Of diverging cone 0. 46 0. 60 

Double angle: 

(a) Of converging cone 34^ 15 21° 38 

(6) Of diverging cone 3° 45 4® 50 

Relative throat diameters 




Outer tube. 
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No cylindrical throat piece was used with either tube, the convei^- 
ing and diverging cones being connected directly. 

bourdon also used a similar arrangement of three concentric tubes. 
The heads obtained with this, at various wind speeds, are shown on 
figure 1 by the curve D C and by the isolated pomt A. The point B 
is from tests of a 3~tube instrument by Brown Boveri & Co} 

The proportions of single-tube anemometers as used in modern 
French practice seem to be somewhat like those of Bourdon's inner 
tube. (See Table 6.) The length of tube in the anemometer made 
by Aera, of Paris, is 6.3 inches (160 mm.) or nearly the same as the 
length of the diverging cone of Bourdon's inner tube. Dorand^ gives, 
without dimensions, a section of a Venturi-tube anemometer whicn 
indicates a ratio of throat to entrance diameter of about 0.2. The 
proportions proposed by Toussaint and LepSre * as a result of recent 
experiments are very similar to those of Bourdon's outer tube. (See 
Table 6.) 

12, REMARKS ON THE SPECIAL CONDITIONS TO WmCH AEROPLANE 
ANEMOMETERS ARE SUBJECT. 

A. Weight and Jimd resistance, — ^These must both be small— the 
smaller the better. Accordingly we need not consider any essentially 
heavy instruments, such as those which require the use of electric 
batteries, nor instruments like large pressure plates which offer a 
head resistance of several pounds. 

B. Robustness. — ^The very severe conditions of vibration preclude 
the possibility of using instruments which are not mechanicaUy 
strong or which can not oe made so without too great weight. ^ Both 
the anemometer head proper, and the transmitting and indicating 
parts must be simple, Hght, strong, and free from the need of delicate 
adjustment or frequent testing. 

C. Position. — ^The head must, so far as practicable, be out of reach 
of irregular currents ajid eddies and therefore at some distance from 
the indicator or dial in front of the pUot. The available positions 
are {a) in front of the center of the machine, (b) weU above the upper 
planes over the pilot's head,_ (c) near one wing tip. Position (<x) 
might be practicable and satisfactory in some cases but there is a 
possibility, unless the head were very far in front, that the readings 
might not be the same, at a given speed, during normal flight as when 
planing with the motor stopped. We have no information on this 

S)oint. The influence of the body extends some distance ahead, a 
act which should not be overlooked.^ Position (J) would often 
require the construction of a special support, increasiag the weight 
and head resistance. Position (c) seems the natural one to adopt if 
a transmission of the requisite length can be made satisfactory; but 
here again it should be noted that the disturbance due to a strut or 
wing begins some distance ahead of the leading edge.^ 

D. Orientation, — WhUe most anemometers have to be pointed 
directly into the wind if they are to indicate its resultant velocity, 



1 Zeitschr. d. Ver. Beutscher Ingenieure, 1907, p. 1848. 

2 E. Dorand, La Technique Aeronautique, Nov. 1, 1911, p. 252. 

3 Rep. Brit. Adv. Com. for Aeronautics, 1912-13, p. 396. 

4 See, for example, the results of experiments on tbe Marienfelde-Zossen highi-speed electric railway, The 
Electrician, June 17, 1904. 

6 See £, F. Relf, Hep. Brit. Adv. Com. for Aeronaatics, 1912-13, p. 133. 



AEEOKATTTIOS. 95 

what is needed in aviation is primarily the relative wind speed along a 
direction fixed with regard to the axis of the machine. The imde- 
sirable compHcation of mounting the anemometer head on a wind 
vane is therefore unnecessary and the head may be fixed. If informa- 
tion is required about motion perpendicular to this direction, it may 
be got from a wind vane. 

E. iTidependence of gravity, — On account of the very considerable 
angles of heeling and pitching, it seemis useless to consider any instru- 
ment which depends for its action on weights or h<juid manometers. 
Any required forces must be appMed by spriogs; or if pressures are to 
be registered^ it must be by sprmg gauges. Furthermore, all parts of 
the iastrument must be so balanced that the readings are not affected 
at aU by gravity. This remark appHes to the transmission and the 
indicator as well as to the head. 

F. Vertical acceleration and centrifugal force. — ^Vertical acceleration 
acts merely as a change of the iatensity of gravity. It will; therefore, 
have no effect on an instrument which is properly constructed hi 
accordance with E, above. 

Centrifugal force must be allowed for in a similar way by careful 
balancing of aU movable parts so that the lateral acceleration of the 
whole machine during curved flight shall not influence the readings. 
This balancing in the transmission is equally necessaiy, whether 
forces are transmitted by rods or wires or pressures by fluids in tubes,^ 

13. DENSITY CORRECTIONS. 

Before considering the effects of changes of air density on the 
hidications of particular types of anemometer it will be well to see 
how great these variations are likely to be under workinig conditions. 
For ftiis purpose we consult equation (6) of section 4, viz, 



^ JB- 0.376 PH 
p=l-327 . ^^Q^^ (6) 



in which 



p=the density of the air in pounds per cubic foot. 
B ~ the barometric pressure m inches of mercury. 

t = the temperature of the air ia degrees Fahrenheit. 
P=the pressure of saturated steam at ^° in inches of mercury. 
H = the relative hxnnidity (H=1,0 for saturated air). 



) ranges we shall assume are: B=30 to 20 inches, corresponding 
ise from sea level to about 10,000 feet altitude; <^=0^ to 90^ 



The] 
to a rise 

F.; 3" = 0.0 to 1.0, i. e., from complete dryness to saturation. 

We may first consider the term 0.376 PH. Takrag P from the 
steam tables we have 



at ^ = 50° 70^ 90° 

0.376 P=0.136 0.278 0.533 
0.376 PX 0.5 = 0.068 0.139 0.267 



1 For a discussion of the effect of vertical acceleration and centrifugal force on liquid manometers ttie 
reader may be referred to an article by H. Darwin, Aeronautical Journal, July, 1913, p. 170. 
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If we assume a constant relative humidity J? = 0.5; while in fact 
the humidity varies all the way from 0.0 to 1.0, the maximum error 
we can make in the value of 0.376 PH is 0.376 PxO.5, of which the 
values at 50°, 70"^, and 90° are shown above. To find the percentage 
error which this assumption can introduce into the computed value 
of we must compare these errors with the value of B. The follow- 
ing table shows the maximum per cent, errors in p at 50°, 70°, and 
90° F. and at 20 and 30 inches pressure which can be caused by 
assuming 5=0.5. 

<=50° ^=70° ^=90^ 
B = 20 inches 0.34% 0.70% 1.33% 
B-30 inches 0,23% 0.46% 0.89% 

Since a temperature of 90° F. wiU seldom or never prevail at an 
altitude where the pressure is as low as 20 inches, we may regard 1 
per cent, as about the maxunum possible error, and in the vast 
majority of cases the actual error wiU be less than 0.5 per cent. 
Now with the anemometers we need to consider, a given percentage 
error in the density causes only about half as much error in the 
speed S; and furthermore, an accuracy of 1 per cent, in measuring 
the speed of an aeroplane may be regarded as satisfactory. Hence 
the assumption of a constant relative humidity of 50 per cent. 
(/f = 0.5) is quite approximate enough for our purpose, and we 
adopt this assumption and thereby simplify equation (6) to the form 

p = 1 .327 '^^^ ^ pounds per cubic foot. (8) 

From equation (8) we may now compute a table of approximate 
values of tne air density at various values of the barometric pressure 

B and the temperature t. It will be convenient to have the values 
expressed, not in poimds per cubic foot, but in terms of a standard air 
density, and for this the value =0.07455 has been chosen. This is 
the density at 5 = 29.92 inches, ^=70° F., and 3^ = 0.5, conditions 
which are a fair average representation of those which are hkely to 
prevail during anemometer tests. The values are shown in Table 7. 



Table 7. — Relative density D of air at B inches pressure, i° F., arid 50 'per. cent relative 
humidity, re/erred to air at inches pressure, 70® jP., and 50 percent, relative 

humidity. 





2(y' 


22'' 


24^' 


26^^^ 


28^' 


30^' 




0. 773 


0, 851 


0. 928 


1.008 


1.083 


1. 160 


10° 


.757 


.833 


.908 


.984 


1. 060 


1. 135 


20° 


.741 


.815 


.889 


.963 


1. 037 


1, 112 


30° 


.725 


.798 


.871 


.943 


1. 016 


1. 088 


40° 


.710 


.781 


.853 


.924 


.995 


1.066 


50° 


.696 


.766 


.835 


.905 


.975 


1.045 


60° 


.681 


.750 


.818 


.887 


.955 


1.023 


70° 


.667 


.734 


.801 


.868 


.935 


1.003 


80° 


.653 


.719 


.785 


.860 


.916 


.982 


90° 


.639 


.703 


.768 


.833 


.897 


.962 
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We have next to consider how these variations of density may- 
affect the readings of an anemometer which has been tested under 
standard conditions. 

A, The Bitot tube, — ^The Pitot tube formula may be written 



iS« const X 
or for a standard density 



V 



At any other density, p=Dp^, we hare 



(9) 



If the tube has been standardized at the density Pq and the constant 
jIq determined; or if the gage has been provided with a speed scale 
or a table for converting its readings at the standard density Po into 
speeds, the true speed at any other density p is found by multiplying 

^ Values of computed from Table 



the indicated speed by 
7 are given in Table 8. 



Table 8. — Values ofq^for use in equation (9). 







Barometric height B 


in inches of mercury. 
























24^/ 




28^^ 


30^^ 


0 


1. 137 


1. 084 


1. 038 


0. 979 


0.961 


0.928 


10 


1. 149 


1. 096 


1.049 


L 008 


.971 


.938 


20 


1, 162 


1. 108 


1. 061 


1.019 


,982 


.948 


30 


L174 


1. 119 


1. 072 


1. 030 


.992 


.958 


40 


1. 187 


1. 131 


1.083 


1. 040 


1. 003 


.968 


60 


1. 199 


1. 143 


1.094 


1. 051 


1. 013 


.978 


60 


1.212 


1. 155 


1.106 


1. 062 


1. 023 


.989 


70 


1. 225 


1. 167 


1. 117 


1.073 


1. 034 


.999 


80 


1, 238 


1, 180 


1. 129 


1.084 


1. 045 


1. 009 


90 


L251 


1. 193 


L141 


1.096 


1.056 


1.020 



If the purpose of reading the anemometer is not, primarily, to 
ascertain the speed, but to judge of the wind pressures on the machine 
which determine the lift and the stresses, then the density correction 
should w>t be applied. For at any given angle of attack, the wind 
forces are very nearly proportional to the Pitot pressure; when the 
gauge shows a given reading, the wind forces are always the same; 
and from the standpoint of sustaining power and strength it is 
immaterial how the forces arise. Hence irom the j)oint of view of 
the aviator who is concerned with the safety of his machine, the 

25302*'— S. Doc. 268, 64-1 1 
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speed readings of tlie Pitot-tube anemometer correct tliemselves 
automatically — ^if the machine flies safely at a given speed and in 
air of a given density, it "will be equally safe ia air of any other den- 
sity, regardless of pressure, temperature, and humidity if the Pitot- 
tube gauge gives the same readmg. 

B. Fresmre-plate aMmometers. — ^It woxild naturally be su^osed 
that the readi^ of pressure plate anemometers would be aflfected 
by variations of air density in the same way as those of Pitot tubes, 
ihe theory of the subject, however, is not entirely clear, and it is 
difficult to interpret some of the experimental results which have 
been obtained^^ In the absence of lurther investigation it would 
seem safest to make the density correction, when necessary, exactly 
as is done for the Pitot tube* if the readiags are taken only for the 
sake of estimating the wind forces on the machine, the density cor- 
rection is to be omitted, just as with the Pitot tube. 

C. The Bmrdon-Venturi anemometer. — ^If the results of Bourdon's 
experiments agreed closely with computations from the theoretical 
equation of the Venturi meter, we should feel justified in using that 
equation to compute density corrections to be applied to the read- 
ings of an instrument which had been tested at a standard air density. 
But the discrepancies shown by curves GH and EF of figure 1 are 
so large that we can not trust the theoretical equation at all for a 
Venturi tube used as an anemometer. It appears that further 
experimental investigations of this instrument are needed. 

D. Rotary anemometers. — Regarding rotary anemometers, Jones 
and Booth ^ say: 

The principal advantage possessed by instruments of this type is that they read the 
actual travel through the air independently of variations in density. 

It seems likely, however, that this iadependence is only approxi- 
mate and not complete. The ratio of cup or vane speed to wiad 
speed depends on tne value of the least wmd speed which will just ' 
keep the anemometer turning against friction. And since each vane 
or cup when moving very sIoTOy acts as a pressure plate, it seems 
that me wind speed required in .order to furnish the torque for verjr 
low speeds of rotation must depend on the air density. Hence it 
seems probable that at higher speeds the action of iastruments of the 
Robinson or of the screw tjj)e is somewhat influenced by air density. 
Exact information on this is lacking. 

14. COMPARISON OF TYPES OF ANEMOMETER. 

Anemometers ia general might be compared from various points 
of view; but since our purpose is strictly practical, we shall at once 
exclude from the discussion any instrument which can not be made 
satisfactory on the score of {a) robustness combined with lightness, 
Q)) independence of gravity, and (c) flexibility of transinission, per- 
mitting the head to be placed at a distance from the indicator in 
front of the pilot's seat. There seem then to remain for discussion 
the Pitot tube, the pressure plate, the Venturi tube, and the Robinson 
anemometer. 

A. The Pitot tube. — ^This has been the most studied, and we can 
speak of it with more certainty tiian of the others. The head is 



1 See BayleigtL. Bep. Brit. Adv. Com. for Aeronautics, 1910-11, p. 26. 
a Aerooaatical Jdimial, July, 1913, p. 192. 
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simple and may be placed in any position; and tiie transmission of 
the pressure trirougn tubes presents no obvious difficulties. The 
prime defect of the instrument is the smallness of the pr^sure avail- 
able for actuating the indicator. While sensitive liqmd gauges may- 
be used under some circumstances, anything but a spring g^^g® seems 
out of the question for aU-round use. The problem wim me Pitot 
tube is to make a satisfactory spring gauge which shall at the same 
time be sufficiently sensitive and so robust as to be reliable. The 
problem looks difficult, but may not be insoluble, 

B. TTie pressure plate, — By an increase of size, the pressure plate 
may be made to give as large a force as is desired, the limit being set 
by the amount of head resistance which it is considered permissible 
to^ devote to an anemometer. Transmission by wires under tension 
might be practicable but would be liable to get out of order and to be 
seriously disturbed by vibration. Transmission by means of liquid 
pressure might be managed but would introduce complications, and 
the development of the instroment ia this form would demand a 
great deal of experimentation. In spite of its attractiveness and 
apparent sknpHcity at first sight, the pressure plate does not, on the 
whole, seem very promisiag as a practical aeroplane instrument. 

C. The Bourdon-Venturi anemometer. — ^The Venturi tube furnishes 
a pressure difference and the transmission problem is simple, as it is 
with the Pitot tube. But the pressure dilEerence may be made so 
large that the problem of making a satisf actorv spring gauge is vastly 
simpler than with the Pitot tube, and should not present any insu- 
perable difficulties. A more important doubt arises in ooimection 
with the density correction. Smce it is impracticable to test an 
anemometer at low-air densities by the ordinary methods, and since 
Bourdon^s results differed greatly from what might have been ex- 
pected on theoretical grounds, the instrument should be used with 
caution, if high altitude ffights are in question, until we know more 
about its practical behavior. On the other hand, it appears to be 
satisfactory at ordinary air densities,^ and it seems to be an iostni- 
ment of great promise and one of which the practical development 
should be pushed along. 

D. The BoUnson an€m(mieter.— The weak point of the Robinson 
anemometer is lack of flexibility in the transmission. In the form 
of Morell's anemo-tachometer it mdicates speed through the air nearly 
independently of the air density. But smce the main purpose of 
knowing this speed is for finding the total distance traveled, it would 
seem as if the ordinary method of registering the total number of 
turns would, in practice, be more useful than the attachment of a 
tachometer to give instantaneous speeds. 

Having now discussed some of the mechanical characteristics of 
the four types of instrument we may take another standpoint and, 
asstmiing that a mechanically satisfactory instrument of each type 
can be constructed, ask whether one presents any advantages over 
another. The answer to this question depends on why we want to 
know the speed. 

If what IS wanted is to ^timate the distance traveled through the 
air, some f onn of Robinson anemometer seems to be the thing to use, 
because it is independent of air density, to a first approximation, at 



I See Eiffel, The BesSstance of the Air, p. 234. 
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all events. The otlier three tjpes of mstrument will all reqmre to 
have a density correction apphed to their readings, if the air density 
is far different from that during standardization, and they are thus 
at a disadvantage. 

But it appears that the speed through the air is, in general, not 
itself the important quantity soxight; for at best it does not tell us 
the speed over the ground until it is compounded with the speed of 
the wind which may happen to be blowiag. A more important use 
of the anemometer is not properly as a speedometer but as a dyna- 
mometer, i. e., as an iastrument lor indicating the air forces on the 
machine. For this purpose, any instrument such as the anemo- 
tachometer which gives the speed without reference to the density 
win require a density correction to its readings, whereas the Pitot 
tube gives just what is wanted, the allowance for density being 
already present in its uncorrected readings, so that equal readings 
mean eaual pressures, whatever the density may be. The pressure 
plate falls in the same class as the Pitot tube. Of the Bourdon- 
VentTiri anemometer we can say very little until the instrument has 
been further studied, but it seems Ukely that it also will act rather 
as a dynamometer than as a speedometer, if its readings are not cor- 
rected for variations of air density. 

Still another question which may be asked is, What sort of mean 
speed does a given anemometer indicate when exposed to a gusty 
wind? In r^ard to this question, the four types under considera- 
tion fall into me same grouping as before. With the Pitot tube, the 

{>ressure plate, or the Venturi tube, the pressure difference or the 
orce depends on the square of the wind speed, and the mean reading 
of any of these instruments in a wind of varying speed will therefore 
give not the arithmetical mean speed but the root-mean-square speed, 
which is what determines the mean wind forces on the aeroplane. 
The anemo-tachometer, on the other hand, will probably indicate 
something between the arithmetical mean and the root-mean-square 
speed, n it had no inertia it might be made to indicate the arith- 
metical mean, but the effects of mertia in causing lag or lead will 
probably make the mean reading of the instrument m a wind of 
variable strength somewhat higher than it would be in the absence 
of inertia. The fact that this might restdt in a sUght overestimate 
of the total travel will hardly be of any moment^ in view of the impos- 
sibility, for the aviator, of measuring and allowing for the true veloc- 
ity of the wind with respect to the earth's surface. 
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THE THEORY OP THE PITOT AND VENTUBI TUBES. 

By E. Buckingham. 



1, THE ENERGY EQUATION FOR STEADY ADIABATIC FLOW OF A FLUID. 

Let a fluid be flowing steadily along a channel with impervious and 
nonconducting walls, from a section ^1 to a section the areas of the 

sections perpendicular to the direction of flow being also denoted by 
A and A^, By saying that the flow is ' 'steady'' we do not mean that 
it occurs ia stream Imes and without turbulence. We mean merely 
that it is '^sensibly'' steady; i. e., that such variations of speed, 
direction of motion, pressure, etc., as may occur at any point in the 
stream as a result of turbulence are so rapid that our measuring instru- 
ments do not respond to them, but indicate only time averages; and 
that these tune averages are constant at any fixed point within the 
channel. Values of a property of the fluid, or of any other quantity 
such as speed, ''at a point/' are therefore to be understood as time 
averages over a time which is long compared with the speed of varia- 
tion of the quantity to be meastired, though it may appear short in 
the ordinary sense. 

Let ^, ^, V, 6, r, respectively, be^ the absolute temperature, 
static pressure, specific volxune, internal energy per unit 
mass, and kinetic energy per unit mass, at the entrance sec- 
tion A, By the ' ' static pressure " is meant the pressure which would 
be indicated by a gauge moving with the current. Let ^i, v^^ e^, 
3\ be the corresponding quantities at the exit section A^. Both sets 
of values are to be understood as averages over the whole section, as 
well as time averages in the sense expiaiaed above. The two sec- 
tions shall be at the same level, so that the passage of fluid from A 
to A^ does not involve any gravitational work. 

As a unit mass of fluid crosses J., the work is done on it by the 
fluid following; and as it crosses A^ it does the work '^^v^ on the fluid 
ahead. Since the walls of the channel are nonconducting, no heat 
enters or leaves the fluid between A and A^\ hence the total energy, 
internal plus kinetic, increases (or decreases) by an amount equal to 
the work done on (or by) the fluid, and we have 

or (1) 

r~r,=(ei+PiVi)-(6+2?v) 
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So far no assttmptions have been made and ecjuation (1) is rigorously 
correct for adiabatic flow between two sections at tlie same level. 
Internal heatii^ by skin friction or the dissipation of eddies is merely 
a conversion of energy from one form into another and not an addi- 
tion of energy; hence it does not afiEect the validity of equation (1) 
and need not appear in it. 

2. INTRODUCTION OF THE MEAN SPEED INTO THE EmRGY EQUATION. 

Let Q be the volume of fluid which crosses the section A per imit 
time, and l^tS^Q-^ A; then 8 is the arithmetical mean, over the sec- 
tion, of the component velocity normal to A and along the channel. 
Let $1 and 8^ be the corresponding values at A^. Measuring kinetic 
energy, as well as work and internal energy, in normal mass-length- 
time units, we then set 

T^T^^\{8^^8^) (2) 

and proceed to substitute this expression for (T--T^) in equation (1). 

This substitution is indispensable to further progress, but it involves 
an assumption which destroys the rigor of all further deductions. 
The deductions are, nevertheless, very approximately confirmed by 
experiment, and it is tiierefore worth while to examine the assump- 
tion. 

If there were no turbulence and if the speed were uniform over 
each section, we should have the two separate equations 



(3) 

and equation (2) would be exact. If there is no turbulence but the 
speed of flow is nonuniform, approaching zero at the walls, as it must 
where the channel has material walls, eouations (3) will not be satis- 
fied, but we shall have T>iS^ and T^>i8i^j because the mean 
square speed, which determines the kinetic energy, is always greater 
than the arithmetical mean speed S when the distribution over the 
section is not uniform. With a round pipe and nonturbulent flow 
T-fS^ instead of iSK 

In nearly aU practical cases the flow of fluids is turbulent and the 
relation of the whole kinetic energy, including that of the turbulence, 
to the arithmetical mean normal component of the speed at the given 
section will depend on the amount of turbulence. It is impossible 
to say what the relation wiU be further than that the kiaetic energy 
of eddies and cross currents tends to increase the error which would 
be involved in assuming equations (3), while, on the other hand, the 
fact that with iacreasing turbulence the speed becomes more nearly 
uniform over a cross section tends to decrease the difference between 
the mean square and the arithmetical mean of the component normal 
to any section. 
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The assumption involved in using equation (2) is not, however, so 
violent as that which would be involved in using equations (3) 
separately. For equations (3) are equivalent to 

whereas equation (2) is satisfied if 

T^iS^^T.^iS^ (4) 

no matter what the value is. Equation (4) and its equivalent (2) 
are satisfied if the error in assuming equations (3) to hold is the 
same at both sections without vanismng or even being small. This 
wiU occur if the kinetic energy of turbulence is the same at both 
sections and if also the speed distributions over the two sections are 
such that Oxe arilJunetical mean normal speed is the same fraction 
of the mean-square normal speed at both. While therefore it is 
evident that the use of equations (3) separately might lead to con- 
clusions at variance with facts, equation (2) may nevertheless be 
nearly fulfilled in practice. The agreement with observation of 
deductions from equations (2) and (1) shows that in many ordinary 
cases the error committed by treating equation (2) as exact is in 
reality quite insignificant. 

For geometrically similar channels, the percentage error of equation 
DS 

(2) depends only on — , in which v is the kinematic viscosity of the 

fluid and D a linear dimension of the channel. With a given fluid m 
a given channel increasing S increases the turbulence, but it is 

not evident how this wiU affect the percentage error, — — , if 

at aU. Hence, it seems possible that although turbulence increases 
DS 

with — , the percentage error in assuming equation (2) may 

not increase but remain constant or even decrease. On the other 

DS 

hand, at a given speed S", if — is increased by increasing D or dimin- 

2 T— S^ 

ishing Vj the turbulence and the value of — ^ — wiU be increased 

and there wiU be a greater chance that equation (2) may be sensibly 
ia error. At a given mean axial speed o we must therefore be pre- 
pared to find greater discrepancies between experiment and results 
deduced from equation (2) for large channels and fluids of low 
kiaematic viscosity than for the opposite conditions. 

We shall now proceed as if equation (2) were rigorously exact, and 
by combimng it with equation (1) we obtain 

W - S,') - (e, +p,v,) ^ (€ (5) 

an equation which serves as the point of departure for the theory of 
the Pitot tube, the Venturi meter, the steam-turbine nozzle, and 
various other devices in which a stream of fluid is retarded or accele- 
rated adiabatically. 



104 AERONAUTICS. 

3, ISENTROPIC FLOW OF AN IDEAL GAS. 

If tlie plijrsical properties of the fluid have been sufficiently inves- 
tigated and if a sufficient number of quantities are measured at each, 
of the two sections, the value of (e+pv) may be computed for each 
section and the value of (S^—Sj^) found from equation (5), to the 
degree of approximation permitted by the assumptions which have 
been discussed above, A process somewhat of this nature is pur- 
sued in the design of steam-turbine nozzles, (e-i-pv) being then the 
quantity knowa as the total heat of steam. 

But when the fluid is a gas, it is usual to proceed with deductions 
from equation (5) by the aid of two further assumptions which 
enable us to compute variations of e and v from observations of p 
alone. The first of these assumptions is that the fluid behaves sen- 
sibly as an ideal gas defined by the equations 

pv^Re (6) 

e==eo-\- 0,(6^0,) (7) 

in which (7„ is the specffic heat at constant volume, and €o is the 
internal energy at the standard temperature Oq, The properties of 
ordinary gases, such as air, carbon dioxide, or coal gas, when far 
from con(fonsation, are nearly ia conformity with equations (6). and 
(7), and for such fluids no serious error is iavolved in making the 
assumption mentioned, unless very great variations of pressure and 
temperature are xmder consideration. Equations (6) and (7) imply 
also the relation 

C^^C+R (8) 

ia which Cp is the specific heat at constant pressure. 

The second assumption is that during the simultaneous changes of 
pressure and temperature in passing from A to the f amihar iseri- 
tropic relation for an ideal gas, viz, 

vfc-l 



remaios satisfied, Tc representing C^I^C^, This assumption is, of 
course, not exact, for while we have stipulated that the now shall be 
adiabatic, the internal heating, due to viscosity causes an increase 
of entropy. The assumption amounts, therefore, to assuming that 
this irreversible iatemal heating is not enough to cause any sensible 
increase of the temperature at A^ over what it would be if there 
were no internal heating at all. 

The foregoing assumptions enable us to put equation (5) into a 
more available form. By substituting from (6) and (7) tato (5), 
and using (8), we have 

\{8^-S,^)^C^{e,^6) (10) 
By means of (9) and (6), this may be written 
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and by (8) we get (^p/R—^ZTi ^^^^ ^® h.&Ye 

hS'-8^)^j^pv[(^y^-l] (U) 

which, is the usual form of equation (5) for isentropic flow of an 
ideal gas. If the speed is inown at either section, equation (10) 
enables us to find tne speed at the other from a knowledge of Cp 
and an observation of the difference of temperature; while equation 
(11) gives us similar information in terms of thepressures at A and 
if the density and the ratio Jc are known. We shall apply this 
equation to both the Pitot tube and the Venturi meter. 

4. THE THEORY OF THE PITOT TUBE. 

To treat the Pitot tube, we consider the fluid which is approaching 
the dynamic openiag. Startiag at a point so far upstream that the 
presence of the Pitot tube produces no sensible disturbance there, a 
particle of fluid approaches the dynamic opening, slows down, and 
mixes with the permanent high-pressure cap of nearly stationarv 
fluid, which covers the dynamic opening and communicates with 
the differential gauge through the impact tube. . The same particle, 
or another indistinguishable from it, emerges from the cap and, 
being accelerated by the now positive presstire gradient, flows on 
along the impact tube, finally acquiring a sensibly constant speed 
when it has reached a region of sensibly constant pressure. We 
wish to apply equation (5) to this motion if we can find a plausible 
way of doing so. 

Starting with the contour of a small plane area, in the undisturbed 
current and perpendicular to its general direction, we construct, in 
imamiation, a tubular surface of which the sides are at every point 
pardlel to the mean direction of motion of the fluid past that point, 
as found by averaging with regard to time. If the motion is not 
turbulent, this tube is a tube of flow and no fluid passes in or out 
through its sides. If the motion is turbulent, as it nearly always is 
in practice, the same fluid does not flow continuously along the tube 
as it would if the walls were impervious. On the contrary, particles 
of fluid are continually leaving the tube in consequence of the tur- 
bulent time-changes of the direction of motion at any fixed point; 
and these particles are continually replaced by others, of the same 
total mass, which enter from without the tube. But on the whole, 
the partides which enter have the same average component velocity 
along the tube as those which leave; for unless this were true we 
could, merely by imagining the tubular surface, generate within the 
fluid a particular filament which was moving, on the whole, faster 
or slower than the surrounding fluid. We conclude that the net 
effect of turbulence is the same as if the imaginary tube walls were 
made rigid and perfectly reflecting for mechanical impact without 
exerting any skin friction on the fluid flowing along them. 

If the whole ctirrent of fluid is at a sensimy uniform temperature 
across its general direction, no heat passes m or out through the 
tubular surface, and equation (5) may be applied as though we had 
an impervious nonconducting channel to deal with. Furthermore, 
if the tube is of small section, the axial speed, averaged with regard 
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to time, will be the same at all points of any one cross section. Hence 
the application of equation (5), involving the assumption of equation 
(2) or (4), is better justified than for a material tube in which skin 
friction would cause the axial speed to be nonuniform over any 
section. 

We now consider such an imaginary tube, starting in the tmdis- 
turbed fluid some distance upstream from the dynamic opening of 
the Pitot tube, passing into the high-pressure cap over the opening 
and emerging again at the edge of the opening, to continue its course 
along the side of the impact tube. The portion of the imaginary 
tube which passes through the high-pressure cap may be regarded 
as an enlargement of cross section at which the mean axial speed is 
so reduced that its square is neghgible in comparison with the square 
of the speed at distant points. If w-e let ^ be a section at some 
distance upstream and be the section of the tube where it passes 
through the high-pressure cap, St^ is negligible in comparison with 
and equation (5) gives us 

S^^2[{e, + p,v,)-{e^po)] (12) 

in which 8 is the speed of the undisturbed current; e, p, and v refer 
to conditions in the undisturbed current; and e^, p^, refer to con- 
ditions in the^ dynamic opening. The static pressure, which the 
static opening is designed to receive and transmit to the gauge, is p; 
while the pressure received by the dynamic opening is that in the 
permanent high-pressure cap, or p^. 

Equation (12) is the general form of the Pitot tube equation for any 
fluid, whether compressible or not. In the case of a liquid, the 
internal energy and specific volume are not appreciably affected by 
the very smsdl pressure variations involved, so that we have e^^e 
andv^^v and equation (12) reduces to 

S = ^2v(2>,-i>)-^2^ (13) 

p being the density of the liquid. If the pressure difference is ex- 
pressed as a head % of liquid of density <Z, we have p^-^p^ghd and 
equation (13) takes the form 

8^^2g^-k (14) 

the usual form of the Pitot tube equation for a perfect or ideal tube. 

Even when the fluid is a gas, if o is small and {p^ ~ p) therefore also 
small, and are nearly the same as e and v so that equations (13) 
and (14) remain approxunately correct — admitting all the assump- 
tions made — ^though it is not evident how close the approximation 
will be. But if me speed and tho pressure difference are great 
enough to cause sensible compression, we must return to equation (5) 
and introduce the conditions for adiabatic flow of a gas, as was done 
in section 3 in arriving at equation (11). The fact that equation (14) 
does agree well with observations on gas currents at moderate speeds, 
shows that no great error is involved in neglecting compressibility 
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and justifies us in going on to find a closer approximation by treating 
the gas as ideal and thereby using an approximation to the com- 
pressibility. 

Assuming, then, that equation (11) is applicable to the imaginary 
current tube now under mscussion, we have, by setting jSj^—O, the 
equation 



If we now set ^ = 1 + A and-^=7i we have 

Setting the ^ )=^^^\ substituting in equation (15), and noticing 

that n A 2i — 2 have 

8^X^2P^ (16) 

which differs from equation (13), obtained by disregarding com- 
pressibility, only in the correction factor 

The quantity A^ ^^^^ is the fractional rise of pressure at the 

mouth of the impact tube: hence it is, in practice, always a small 
quantity. The value of for gases is always between f and 1, so 
Te—1 

that n^-^Y" always between f and 0. Accordingly the terms of 

X containing A are alternately negative and positive and when A is 
small the series converges rapidly, the sum of all the terms in A being 
nearlj equal to the first term alone, so that it the first is negligible the 
sxun is negligible and X may be set equal to unity. 

The ratio of the specific heats of air is 1.40. Hence 7i= y and we 

have 

If an error of y ger cent, in iS is permissible, an error of y per cent, may 
also be allowed ia the correction factor X and the value of A may be, 

at most, such as to make 25 ^ iqo ^ 0.056y . For any assigned 

values of the error y per cent, in the speed, the value of 8 can be 
found from equation (13). 
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Let us suppose, for example, that the Pitot tube is to be used for 
measuring the speed of an aeroplane and that an accuracy of 0.5 per 
cent, is sufficient. Then we have A == 0.028 and p. — p = 0.028 p. To 
find what speed would give this head on the differential gauge, we 
set p = l atmosphere =1.013X10® dynes/cm.^ and p^O.0013 gram/ 
om.,^ and substitute in (13), the result being 8^66.1 m./sec. = 212 
ft./sec. = 148 miles/hoTu*. Since an accuracy of better than 1.0 per 
cent, can hardly be demanded of an aeroplane speedometer, it is evi- 
dent that for aU ordinary speeds of flight, no correction for com- 
pressibility is needed and equations (13) and (14) may be used. 

It is of course a simple matter to compute values of the correction 
factor X for various speeds; but in view of the uncertainties and 
assumptions involved in the theory, the results would have a mis- 
leading appearance of accuracy and would not in fact be worth the 
labor of computation. What has been shown is sufficient, namely, 
that if a Pitot tube does not measure the speed of an aeroplane cor- 
rectly the error is not due to neglecting the compressibility of the air, 

5. THE THEORY OP THE VENTUBI METER. 

The Venturi meter is a channel of varying cross section, and we 
may apply to it the general equations of flow which have already 
been developed. In doing so, we shall let A be the entrance section 
of the meter where p is measured, and be the throat section at 
which the diminished pressure is observed. We have to use 
equation (5). 

If the meter is used for measuring the flow of a liquid of density p 
we may set €i = € and Vi=i? as we did in treating the Pitot tube, and 
equation (5) then gives us 

S^^^S^^2^^ (19) 

Neither S nor 8^ vanishes; but in addition to (19) we have the equa- 
tion of continuity which for a fluid of constant density may be 
written 

8,A,^8A (20) 

and (19) and (20) together enable us to find either 8 or 8i. If we 
represent the area ratio by a single symbol 

|- = «>1 (21) 

we have 



8 

where 



= 5^/2^ (22) 



B=J-^ (23) 



and 5 is a constant characteristic .of the given meter. 

Comparing (22) with (13), the equation for the Pitot tube in a 
Uquid, we see that they differ only by the factor B which depends on 



AERONAITTICS. 109 

the area ratio a. Ifa^ ^% J5= 1 and the observed Venturi pressure 
difference will be the same as would be shown by a Pitot 

tube with its dynamic opening in the entrance of the meter. For 

yarions values of the ratio ^ of entrance diameter to throat diameter 

we have the following values of B: 

^« 1.5 2.0 2.5 3.0 4.0 

a- 2.25 4.00 6.25 9.00 16.00 
1. 569 3, 874 6. 170 8. 944 15. 77 

Evidently, the Venturi pressure difference may easily be made much 
larger than the Pifcot pressure difference at the entrance speed and 
the gauge reading be made much more sensitive. 

If the fluid is a gas instead of a liquid, compressibihty will still be 
neghgible at sufficiently low speeds, as for the Pitot tube, and equa- 
tion (22) may be used; but in general the compressibility must be 
allowed for. To treat the flow of a gas, we have to make the same 
asstunptions as in section 3, namely, that the gas is sensibly ideal 
and that the flow from the entrance section A to the throat is 
sensibly isentropic, the combined effect of heat conduction to or 
from the walls of the meter, and of internal heating ia the gas itself, 
being insignificant. We then have to apply equation (11) to the 
case in hand, and if for amplidty we represent the pressure ratio 
by a single symbol and write 

^=r<l (24) 
V 

we have by equation (11) 

p being the density of the gas at the pressure p as it crosses the 
entrance section. 
To combine with (25) we have the equation of continuity 

S^A^P^^SAp 

and if we remember that during isentropic compression or expansion 
of an ideal gas fv^ remains constant, the equation of continuity 
may be written 

S^-^^,S (26) 

By using (26) to eliminate Sj from (25) we now obtain the equation 

2k r^/fc h±\\y^ 



8^ 



by means of which the entrance speed S may be computed from the 
observed pressure ratio r = 'pjp when the area ratio a and the 
properties of the gas are known. Since we are treating the gas as 
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ideal, p/p is, for any given gas, proportional to the absolute tempera- 
ture 6 at the entrance section, and we may write ^ Po being 
the density of the gas at the standard pressure Po and temperature do* 
For air, ^=Xr = 1.40 and if we insert the known value of po at 

Off 

1 atmosphere and 0° C. and set 



(28) 



where 



2Jc 
1c-l 



we have the values of Y shown in the following table for various 
pressure ratios r and for meters in which the throat diameter is 
h or i of the entrance diameter, i, e., a = 4, 9, or 16. If t is the 

d 273 4"^ 

temperature at entrance, on the centigrade scale j — 273 ^ 
t is measured on the Fahrenheit scale, 



e 4:60 + t 

$0 492 
The Venturi Meter for Am, 



Values of Tin S^T^^ 



„«,xx 4. X entrance area 

^=Speed at entrance to meter throat area 



r=throat presstire-s-entraaee pressure^jJi/p 



d=absoliite temperature of air at 
entrance. 

^o^bsolute temperature of ice point. 



Values of T. 



f 






««16 


M./sec. 


Ft./sec. 


Mile/hour. 


M./sec. 


Ft./sec. 


Mile/hour. 


M./sec. 


Ft./S6C, 


Mile/hr. 


0 9998 


1.44 


4.74 


3. 23 


0.626 


2. 05 


1.400 


0.350 


1. 150 


0.784 


.999 


3.23 


10. 60 


7. 23 


1. 40 


4, 59 


3, 13 


0.784 


2. 57 


1. 753 


.995 


7.21 


23. 65 


16. 13 


3. 12 


10.24 


6. 98 


1.75 


5.74 


3. 91 


.99 


10.16 


33.34 


22.7 


4. 40 


14. 11 


9, 85 


2.47 


8. 09 


5. 52 


.98 


14.3 


46. 48 


32.0 


6. 19 


20.3 


13. 85 


3. 47 


11. 38 


7. 76 


.95 


22.2 


72.8 


49.6 


9.62 


31.6 


21.5 


5.39 


17.7 


12. 06 


.90 


30.4 


99.8 


68.0 


13.2 


43.4 


29.6 


7. 41 


24.3 


16.57 


.80 


40.2 


131.7 


89.8 


17.5 


57.5 


39.2 


9. 82 


32.2 


22.0 


.60 


48.1 


157.9 


107.6 


21.1 


69.3 


47.2 


11. 86 


38.9 


26.5 



Co 

Computed on the aflsumptions pv^E6^ C„=constant, ^=1.400. 

Po=1.01323X10« dynelcm^ 

po=0.0012928 gm cm^ at 760 mm. and 0« 0 



